Abstract. To examine the impact of tropical rain-forest destruction on malaria, we conducted a year-long study of the rates at which the primary malaria vector in the Amazon, Anopheles darlingi, fed on humans in areas with varying degrees of ecological alteration in the Peruvian Amazon. Mosquitoes were collected by human biting catches along the Iquitos-Nauta road at sites selected for type of vegetation and controlled for human presence. Deforested sites had an A. darlingi biting rate that was more than 278 times higher than the rate determined for areas that were predominantly forested. Our results indicate that A. darlingi displays significantly increased human-biting activity in areas that have undergone deforestation and development associated with road development.
INTRODUCTION
Deforestation of the Amazon rain forest has greatly changed the distribution and abundance of a multitude of tropical faunal and floral species. It has been postulated that arthropod disease vectors have also been affected, in turn altering disease patterns. [1] [2] [3] To explore this association, we examined the human-biting rate and distribution of the malaria vector Anopheles darlingi by the degree of deforestation and ecological alteration in the northern Peruvian Amazon, in conjunction with Anopheles larval studies and human malaria prevalence studies. In this paper, we will be presenting our findings pertaining to the adult vector. Malaria prevalence in northeastern Peru (Loreto district, 348,177 km 2 ) was high prior to 1965 but dropped dramatically with the eradication efforts of the late 1960s. Until the early 1990s, malaria prevalence remained very low, with 123 cases of falciparum malaria (0.4 cases per 1,000 population) and 518 cases of vivax malaria (1.7 per 1,000) reported in Loreto in 1992. However, in 1997 more than 120,000 cases of malaria (343 per 1,000) were reported, 45% of which (154 of 1,000) were due to Plasmodium falciparum.
The history of malaria is intimately tied to the history of Iquitos. In 1842, Iquitos was a mere village of 200 inhabitants; this number had increased to 14,000 in 1903 owing to the rubber boom. 4 After this golden era came to an end during World War I, cattle ranching, gold mining, and logging became the dominant industries. 4 In the second half of the 20th century, oil mining and drug trafficking generated much income in the region. In the 1990s, the population growth in the Amazon was enhanced by policies encouraging the migration of people to Iquitos from Andean regions, similar to Brazil's relocation efforts in the 1980s. 5 Civil unrest in the Andes due to the Shining Path and the military contributed further to this migration. 6 As a consequence of these events, the population of Iquitos numbered 305,514 inhabitants in 1993. 4 Currently, the majority of the population of Loreto (population, 351,940) engages in subsistence-scale agriculture (mainly growing plantain and cassava root), fishing, and hunting. The former accounts for most of the deforestation in the study region. 4 This stands in contrast to the Brazilian Amazon, where 70% to 75% of all deforestation is due to largeand medium-scale cattle ranches. 7 Other important sources of employment in the study region are lumber milling, canning industries, poultry, cattle, and fish farming. 8 These activities and the population explosion have contributed to deforestation, which took place at a rate of 4,257 hectares per year between 1983 and 1995. 9 The construction of a 95-km, partially paved road between the Amazon port cities of Iquitos and Nauta has enabled expansion into areas that were previously difficult to access, leading to a human population growth rate of 7.4% along this road (in contrast to Iquitos city's annual growth rate of 3.4%). Deforestation has followed the contours of the road, widening every year due to land being cleared for farming along the margins.
An increase in malaria cases was observed in another part of the Amazon that had undergone similar ecological pressures. In Belém, Brazil, Anopheles darlingi reappeared in 1992 after its presumed elimination in 1968. The authors document the subsequent rise in malaria prevalence and hypothesize that the reinvasion of A. darlingi was due to the encroachment of the city on the surrounding forest. 10 Several decades prior, a malaria epidemic ensued after forest had been cleared in Trinidad as a result of the vector Anopheles bellator invading the newly created habitat. 11 This report of changes in vivax malaria prevalence after forest clearing is one of the very few studies that illustrates the ecological chain of events leading to a malaria epidemic and its resolution. In a study of A. darlingi vector ecology, Tadei and colleagues 12 sampled Anopheles larvae and adults in 14 areas altered by human activity (e.g., hydroelectric dams and roads) as well as 5 unaltered areas in the Brazilian Amazon between 1993 and 1996. A. darlingi was encountered in 13 of the 14 altered areas, but in none of the unaltered sites, suggesting that certain types of human activity increase malaria risk.
Here we set out to test the hypothesis that deforestation is positively associated with the A. darlingi human-biting rate in the Peruvian Amazon, an area that has experienced a recent upsurge in malaria. This relationship is possibly mediated by an increase in suitable breeding sites. A. darlingi is typically described as a sylvatic riverine species though it has also been observed in anthropogenic environments (e.g., irrigation canals, rice fields, pastures, roadside). [13] [14] [15] [16] Before 1991, no A. darlingi were captured in a study of mosquitoes in Loreto (except along the borders with Ecuador and Brazil). 17 By 1995, however, A. darlingi had reemerged, becoming the most abundant Anopheles species collected in settlements. 18 The reemergence of this species is of interest because it has been shown to be the most efficient vector for malaria in the Amazon Basin. [19] [20] [21] [22] Malaria parasite sporozoites have been found in its salivary glands (an indicator of the mosquito's ability to infect its host) at rates significantly exceeding those seen in other Anopheles (natural sporozoite infection rates of 0.4% and 0.1% have been reported for P. falciparum and P. vivax, respectively, in Rondonia, Brazil). 23 It also occupies a large geographical range (from Belize to Bolivia) and preferentially feeds on humans. [24] [25] [26] 
MATERIALS AND METHODS
Geography of study area. The study area is located in the northern Peruvian Amazon, spanning the Iquitos-Nauta road (3°S, 73°W) ( Figure 1 VITTOR AND OTHERS most point of the road, surrounded by the Amazon River to the east, the Nanay River to the north, and the Itaya River to the south. At the southernmost end of the road lies the smaller Amazon port city Nauta (population, 15,000). The temperature fluctuates little during the year, remaining generally between 24°C and 28°C, with humidity ranging between 65% and 100%. There are several pronounced seasons: the rainy season, January through May or June; the dry season, July through December; and a short rainy period in November ("inviernillo," or small winter). Interannual variability is considerable, however.
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Site selection and specifications. Fifty-six sites with varying degrees of deforestation were sampled once every 3 weeks from September 2000 through August 2001 (15 or 16 collections per site, for 56 sites, totaling 887 collections for the entire study). The necessary number of sites was determined using our December 1998 through June 1999 pilot study of Anopheles human-biting rates and deforestation in this region. To obtain a sampling representative of the different types of ecology in the region, we selected sites a priori by vegetation type and human population density (because the latter was considered a potential confounding factor). This selection process was accomplished by recording the GPS coordinates of all houses, and the number of inhabitants per house, from kilometer 18 to kilometer 48, and kilometer 55 to kilometer 70 along the Iquitos-Nauta road at the outset of the study. We excluded the region between kilometer 48 to kilometer 55 due to the presence of the Itaya river, which would have represented a distinct riverine ecology, inconsistent with the sites along the remainder of the road (based on pilot study results). This allowed us to calculate the coordinates of the center of each village along the road, weighted for the number of inhabitants per house. There were 12 distinct settlements (and thus village centers) at roughly 4-km intervals in this stretch. Next, using a 2000 Landsat Thematic Mapper 7 satellite image (U.S. Geological Survey, EROS Data Center, Sioux Falls, SD) of the area, we identified areas with predominantly forest, deforestation, and secondary vegetation growth surrounding the village centers. GPS coordinates of points lying within those forested, deforested, and secondary growth areas, but separated by at least 1 km from adjacent points, were then chosen for each of the 12 villages. Finally, we located these coordinates in the field and marked them as collection sites. For each of the 12 villages, a single house nearest to the village center was chosen, and a mosquito collection site was established outside the house (at 5-10 m from the entrance). Thus each village had one collection site in the village center, one in a deforested area approximately 1 km from the center, one in secondary vegetation, and one in a forested area. An additional four collection sites were selected in the more populous stretch between kilometer 7 and kilometer 21 (one site in each of four different village centers), as well as four more collection sites in the sparsely inhabited, mostly forested section of the road between kilometer 68 and kilometer 72. In total, there were therefore 14 clusters of sites, with 4 sites each.
The vegetation composition surrounding each site was determined using a 2001 Landsat Thematic Mapper 7 satellite image, which has a resolution of 30 × 30 m per pixel. The image was registered and geodetically corrected using paper maps of the region (National Imagery and Mapping Agency, Lima, Peru) (error is less than 1 pixel, or 30 m). The cloud coverage in this image over the study area was 1.3%, which was low relative to other Landsat images taken during the study period. The pixels that represented cloud cover were recoded as data points for which landscape information was missing. The vegetation and landscape classes were then determined by means of unsupervised classification specifying 10 classes, and the vegetation or landscape type was assigned to each class using a subset of ground-truthed data (composed of global positioning system [GPS] coordinates with ecological observations made in the field). 20 The classified image was then assessed for accuracy by generating the percent agreement between the remainder of the ground-truthed data and the assigned vegetation classes. The percent agreement was 72%. The error may be attributable to registration, classification, and GPS error. Square grids of varying sizes were superimposed over each collection site using geographical information systems (ERDAS Imagine 8.5, Leica Geosystems GIS & Mapping LLC, Atlanta; ArcView 8.2 and ArcInfo 8.0, ESRI, Redlands, CA).
Different grid sizes were examined (200 × 200 m, 1 × 1 km, 2 × 2 km, 5 × 5 km, and 7 × 7 km) because the area that would influence A. darlingi behavior was unknown. The limit of 7 × 7 km was chosen because the maximum flight range reported for A. darlingi is 7 km. 19 The percentage of each landscape class within the grids was calculated. In addition, the distances to the nearest edge of each of these features were determined. The human population density was ascertained by calculating the number of people within a 200-m, 500-m, 1-km, and 1.5-km radius from the mosquito collection site using georeferenced houses with the accompanying census data.
Three of the 10 landscape classes were collapsed into a single class, "forest." "Forest" refers to closed-canopy, tall forest, and "varillal" is a naturally occurring forest growing on sandy soils that support vegetation of lesser height and a sparser canopy. "Secondary growth" refers to the successive vegetation after deforestation (approximately 15 years prior), and "shrub" is used here to refer to younger successive vegetation (arising approximately 5 years after deforestation). "Grass/crop land" may or may not be cultivated and maintained. "Bare surface" is used to indicate compacted soil, asphalt, concrete structures, and tin roofs. Both "deep water" and "shallow water" are bodies of water at least 20 × 20 m in size; the former has little sedimentation and the latter is either shallow or contains large amounts of sediment.
Mosquito collection method and identification. Landing catches were undertaken from 6 PM to midnight (12-hour collections were undertaken during the pilot study indicating that the A. darlingi in this region are unimodal with peak biting periods occurring between 9 and 11 PM). The collectors aspirated mosquitoes off their own legs for the first 50 minutes of each hour and rested for the remaining 10 minutes. Eight sites were sampled simultaneously, with one mosquito collector per site, for 7 consecutive days every 3 weeks. Mosquito collectors were rotated to eliminate bias due to individual variation among collectors and later included in the analysis to check for confounding. Collection sites in human settlements were located outdoors, 5 to 10 m from the selected house. Each site was sampled at 3-week intervals between September 2000 and August 2001 (16 collections total). Mosquitoes were identified morphologically using the 1994 key by Consoli and Lourenço-de-Oliveira.
Statistical analysis.
We tested the hypothesis that the A. darlingi human-biting rate is proportional to the amount of land altered by humans and inversely proportional to the amount of remaining forest. To this end, we performed ordered-logit regression, classifying A. darlingi as "low" (0-0.09/hr), "medium" (0.1-0.9/hr), or "high" (1.0-3.8/hr) (Statistical Software, 7.0 ed., Stata Corporation, College Station, TX). We first explored the effects of each landscape and human population density variable individually. We then combined the variables with the strongest effects to obtain a model with good predictive ability. Because the landscape variables are compositional in nature, multicollinearity posed a problem when combining variables such as grass/crop land with forest. This was dealt with by avoiding adding collinear variables in the model and then checking the variance inflation factor. Interaction terms were also examined and included when significant. Spatial autocorrelation was checked using the Durbin-Watson statistic and by running a one-way ANOVA of the model residuals grouped by site clusters. Finally, the model was cross-validated using five randomly selected subsets of data. Table 1 , the humanbiting rates of each species collected are shown stratified by the amount of forest in a 1 × 1 km grid surrounding the collection sites. A. darlingi was captured in the greatest quantities at sites with little remaining forest (0-20%). The A. darlingi human-biting rate was one sixth to one third of this rate in sites with intermediate amounts of forest (20-60%) and scarce in sites with more than 60% forest. None of the other Anopheles species exhibit such a marked preference for areas with little remaining forest. The human-biting rate of culicines collected is shown for reference. Culicines were vastly more abundant, and as a group, large differences in human-biting rates are not apparent across vegetation categories.
RESULTS

Anopheles
The A. darlingi biting rate on humans was 2.8 (95% confidence intervals [1.8, 3.8] (Figure 2) . The peak biting time occurred between 9 and 10 PM.
Landscape features and human-biting rates. The average amounts of each landscape type in a 200 × 200 m, 2 × 2 km, and 7 × 7 km area surrounding the collection site are shown for the "low," "medium," and "high" categories of A. darlingi mean biting-rates in Table 2 . The Kruskal-Wallis test was used for each grid size to test the null hypothesis that the "low," "medium," and "high" A. darlingi categories have equal population medians. 28 This table shows that the amounts of secondary growth, shrub, and grass/crop land increase for the "medium" and "high" categories compared with the "low" category, while the amount of forest is inversely related. The scale at which these forces operate does appear to be relevant, especially for the amount of bare surface and deep water. A similar table is subsequently shown (Table 3) , comparing the mean distances from the collection site to the nearest edge of the various landscape categories for each A. darlingi category. Again, the Kruskal-Wallis test reveals that the medians for the distance to forest, secondary growth, shrub, and grass/crop land are significantly different across A. darlingi biting rate categories. Table 4 compares the mean number of human inhabitants in 200-m, 500-m, and 1-km radii across the human biting rate categories, the proportion of sites with one or more people within these radii, as VITTOR AND OTHERS well as the distance along the road to Iquitos. Although the median number of inhabitants are significantly different for the three A. darlingi categories, the highest numbers are seen in the "medium" category. However, the proportion of sites with at least one inhabitant is consistently higher for the "high" A. darlingi category. The last variable, the mean distance to Iquitos, is substantially different for each A. darlingi biting-rate category and shows that sites farther away from the city have lower biting rates than their proximal counterparts.
Sites with more than 70% forest and less than 10% grass/ crop land in a 1-km 2 area (N ‫ס‬ 10) had a mean human-biting rate of 0.03 A. darlingi per 6-hour collection night per person [95% confidence intervals (0.01, 0.08)], whereas sites with less than 20% forest and more than 30% grass/crop land (N ‫ס‬ 9) had a mean biting rate of 8.33 (7.86, 8.81 ). This amounts to a 278-fold higher biting rate in the grass/crop land sites compared with the relatively pristine sites.
The bodies of deep water represent large natural ponds or fish farms. The sites closer to these bodies of water were generally surrounded by more early-and late-stage deforestation (mean values: grass/crop land, 27%; shrub, 33%; secondary growth, 18%) than the sites lying farther away (grass/ crop land, 10%; shrub, 17%; secondary growth, 16%). One or more inhabitants was more likely to be present in sites close to bodies of deep water (90%) than in sites distant from water IMPACT OF DEFORESTATION ON MALARIA RISK (49%). Conversely, the mean amount of forest was substantially less around the former group of sites (19%) than the latter (50%). The mean A. darlingi biting rate per 6 hours for sites closer to deep water was 4.8, and for farther sites it was 1.9.
Association between biting rates of A. darlingi and environmental factors. The variables giving rise to the orderedlogit model with the best fit were combined while avoiding problems of multicollinearity. The odds ratios are best understood as the odds of being in a higher category for every one unit change in the independent variable. These variables are . The pseudo-R 2 was 0.65, and the variance inflation factor assessing for multicollinearity was < 1.94 (> 5.0 is considered problematic).
Spatial autocorrelation was tested using negative binomial regression of the A. darlingi count per 6-hour collection and the model variables. The residuals plotted by distance along the road revealed a random pattern, with two outliers (the two villages closest to Iquitos). The one-way ANOVA (with residuals grouped by the distance along the road) was only significant for the two villages near Iquitos compared with the remaining sites. The Durbin-Watson statistic was 1.88 (critical values for 56 observations and six variables are dL ‫ס‬ 1.41, dU ‫ס‬ 1.77). However, excluding the variable "distance to Iquitos" resulted in a Durbin-Watson statistic of 1.12. We concluded therefore that there is no spatial autocorrelation given that we have adjusted for the distance to Iquitos.
Cross-validation of the model was then performed on five randomly selected subsets of the data. The model correctly predicted 80-100% of the "low" A. darlingi sites, 33-50% of the "medium" A. darlingi sites, and 0-100% of the "high" sites. For the whole data set, the model correctly predicted 94% of the "low" sites, 64% of the "medium" sites, and 78% of the "high" sites (85% correctly predicted overall) ( Table 5 ). The percent remaining forest could not be incorporated into this model due to collinearity. Because it is very significantly associated with A. darlingi biting rates, it is modeled separately and shown in Figure 3 (adjusted for the effect of distance along the road). This graph shows the increasing probability that a site will fall into the "low" A. darlingi category with increasing forest, the decreasing probability that a site will be classified as a "high" A. darlingi site with increasing forest, and an initially increasing, then decreasing probability that a site will fall into the "medium" A. darlingi category.
DISCUSSION
Examination of the raw data as well as the multivariate analysis yields a consistent picture of higher A. darlingi human-biting rates in areas with more deforestation, even after controlling for the presence of humans. Our larval studies suggest that this association results from A. darlingi's preference to breed in grass/crop land with secondary growth and shrub, leading to a corresponding rise in the adults of this species in the same area (unpublished). Though rarely systematized, A. darlingi breeding sites have been described as being partially shady, deep, and clean bodies of water, often associated with rivers and floating vegetation. 13, 29 In our study region, the rivers were probably beyond the flight range of A. darlingi (the site closest to a river was 2.5 km, with most sites situated approximately 8 km from the nearest river). 19, 30 Large ponds and fish farms surrounded by some vegetation (consisting of partially shady, deep, and clean bodies of water) were the most common A. darlingi breeding sites in this area. The low abundance of this vector in heavily forested areas, relative to the number of other mosquito species captured, suggests that A. darlingi is probably not breeding in forests. This was also supported by our larval studies.
The effect of each grid size was examined in the exploratory analysis. The importance of scale varied with landuse class. For forest, a positive association with A. darlingi biting rates was observed at each grid size. For bare surface and deep water, the association was most pronounced at the largest grid size (7 × 7 km). Grass/crop land, however, showed a stronger association at the smaller grid sizes.
One of the aims of this study was to separate the effect of deforestation from that of human presence. The initial design facilitated this by geographically matching deforested areas that were densely populated with ecologically similar areas that were sparsely populated. In the multivariate analysis, only the presence/absence of inhabitants in a 500-m radius around the collection site was significant. The effect of the number of inhabitants in a 500-m radius (population density) on A. darlingi biting rates was also examined but showed no linear trend. Thus, although the presence of humans was significant, the population density in excess of 1 person in a 500-m radius was not, and the effect of the ecological variables remained significant upon adjustment. Among these NS, not significant; *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001.
VITTOR AND OTHERS ecological variables, the amount of bare surface (composed of asphalt, compacted soil, tin roofing) would seem most likely to be a proxy for human activity and inhabitation. It was not a proxy for the latter, however, as shown by the low correlation (2%) between the amount of bare surface and the presence of people in a 500-m radius. The seasonality and behavior of A. darlingi observed in our study exhibited some similarities as well as differences to that seen elsewhere in the Amazon. The significantly lower A. darlingi biting rate during the rainy season may have been due to a wash-out effect of breeding sites and lower temperatures, leading to decreased larval survival. After the rainy season, ample stable breeding sites were present and temperatures increased, creating conditions favorable to A. darlingi. This is similar to the situation described by Rozendaal in Suriname (1992). 16 The late-night unimodal biting peak observed in our pilot study is consistent with other reports from the Amazon 15, 31, 32 but is in contrast with the crepuscular biting pattern of A. darlingi observed in other regions of the Amazon, such as Rondonia, Costa Marques, and southeastern Amazonas, Brazil. 19, 33, 34 To understand the impact of deforestation on malaria transmission in humans, it would be useful to know the percentage of infective mosquitoes. This is a component of the entomological inoculation rate (EIR), which predicts the number of infective bites per person per unit of time. Because the human-biting rate is proportional to the EIR, it is highly likely that the higher A. darlingi biting rate in deforested areas signifies more malaria transmission when compared with forested areas. The percent infective A. darlingi has been established in several studies in the Amazon and ranges between 0.5% and 2.1%. 22, 23 If the conservative 0.5% figure is used, the following EIRs would occur in our study site (considering deforestation in a 1 × . This study has identified several landscape features that may be useful in predicting A. darlingi density and addressing the reduction of human-vector contact. The cross-validation of the multivariate ordered-logit regression achieved success in predicting sites with low A. darlingi biting rates but was less successful in predicting medium and high sites. Nonetheless, this could be a useful tool in predicting risk in areas of colonization and deforestation, such as the section of the Iquitos-Nauta road 65 km from Iquitos. These results may be generalizable to other areas of the Amazon where slash-and-burn agriculture predominates, but areas deforested for industrial agriculture (e.g., to grow soybeans), hydroelectric dams, or large-scale cattle ranches may experience different consequences. 12 In areas settled by subsistence farmers in Brazil, malaria epidemics often ensued Predicted probabilities: P(A. darlingi ‫ס‬ "low") ‫ס‬ P(S + u Յ cut-off value 1), P(A. darlingi ‫ס‬ "medium") ‫ס‬ P(cut-off value 1 < S + u Ն cut-off value 2), P(A. darlingi ‫ס‬ "high") ‫ס‬ P(cut-off value 2 < S + u). NS, not significant; *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001.
IMPACT OF DEFORESTATION ON MALARIA RISK as well. Unlike the scenario presented in this study, however, where epidemic malaria arose 10 to 15 years after the most intensive period of deforestation, in Rondonia, Brazil, new settlements (< 5 years) had significantly higher rates of malaria than older, established communities. 35 Control measures that reduce the amount of deforestation may be beneficial not only for management of malaria but also for the preservation of biodiversity and the reduction of erosion. Such control measures could include more sustainable methods of agriculture as well as human settlement guided by sound land use and conservation policy preventing widespread deforestation after road construction.
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